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CombiTool is a new computer program for the analysis of combination effects of biologically active agents. It performs model calculations and an analysis of experimental combination effects for two or three agents according to both the Bliss independence and the Loewe additivity criteria. Zero interaction response surfaces are calculated from single-agent dose-response relations and compared to experimental combination data. The calculation of response surfaces for Loewe additivity is based on a new approach which combines the implicit definition equation in terms of doses alone with single-agent dose-response relations. The simultaneous analysis of experimental data according to both Loewe additivity and Bliss independence within one program can hopefully contribute to a better understanding of meaning and limits of the two criteria. CombiTool has a built-in graphics facility which allows for the direct visualization of the response surfaces or the corresponding contour plots and the experimental data.
INTRODUCTION
Studies of the combined action of biologically active agents, like drugs, carcinogens, environmental pollutants, radiation, odorants, taste stimuli, etc. become increasingly important in many branches of biomedical research. Unfortunately, there is widespread disagreement over terminology, definitions and models for the evaluation of interaction (1) (2) (3) (4) (5) (6) .
Hence, there is an urgent need of standardization in assessing a possible interaction in combination experiments.
Two widely used methods for calculating the expected combination effect for the case of no interaction from single-agent effects are dose-additivity and independence. Both models are recommended by the so-called Saariselkaä agreement (2) . The terminology proposed by these authors is Loewe additivity for dose-additivity and Bliss independence for the independence criterion. The cases for which the combination effects deviate from the zero interaction effect are called Loewe/Bliss synergism/antagonism. This terminology avoids the difficulties which usually arise when the terms synergism or antagonism are used without stating explicitly according to which criterion the evaluation of the combination experiment was performed.
A variety of particular methods can be traced back to these basic approaches. To give only one example, the median-effect approach developed by Chou and Talalay is identical to Loewe additivity for the case of mutually exclusive agents and bears resemblance to Bliss independence for mutually non-exclusive agents (7).
So far, there is no generally accepted agreement which of the two models is more appropriate. In addition to personal views the application of one or the other method seems to be dependent on the particular field of biomedical research. For example, in radiation research the independence criterion is widely used (5) . In other fields, Loewe additivity has been called the 'gold standard' (3). 4 The independence criterion (Bliss independence -BI) was originally derived from probability theory. In this case the expected effect for a combination of two or three agents can be calculated from the single-agent effects
where the dependence of the effects on the doses d A and d B of agents A and B is not written out for the sake of brevity. Note, that Eqs. [1, 2] can only be applied to fractional effects 0<E<1. In this case the effect can simply be replaced by the fractional survival S using E=1-S.
The dose-additivity criterion (Loewe additivity -LA) defines zero interaction by
with the interaction index I=1. I<1 represents synergism and I>1 antagonism. In Eq. It is obvious from Eqs. [1, 2] and [3] that the Bliss independence criterion is defined in terms of effects but the Loewe additivity criterion in terms of doses. This difference has hampered a thorough comparison of the two criteria. We have, therefore, developed an approach which allows for the treatment of both criteria on an equal footing. In Eqs. [1, 2] single-agent dose-response relations can easily be inserted. 
com). A program announced by Greco et al. is not yet available (6).
It is beyond the scope of this paper to compare the various programs available in a systematic and detailed manner. We only want to repeat that to the best of our knowledge there is no other program which has an option to analyze combination experiments both according to the Loewe additivity and Bliss independence approaches. Moreover, adopting the response surface methodology is, so far, not very common in combined-action assessment.
For example, CalcuSyn seems to be one of the most widely used programs in this field. It is based on the median-effect approach and can be applied to combination experiments with two and three agents. As already noted above the median-effect approach for the case of mutually exclusive agents is identical to Loewe additivity. In this respect CalcuSyn has similar features as CombiTool. However, it does neither include response-surface modeling features nor the variety of options for a systematic comparison of Bliss independence and Loewe additivity. In this respect, it is important to realize that even though the response surface modeling approach 7 seems to be relatively complex it has a variety of conceptual and also practical advantages which were described above.
CALCULATION OF ZERO INTERACTION COMBINATION EFFECTS
For Bliss independence the expected zero interaction combination effect for two or three agents can easily be calculated from the single-agent effects was first used in a paper by Fraser (17) . Later this method was especially advocated by Loewe (18) . A detailed derivation of Eq. [3] starting out from empirical monotonic dose-response relations was given by Berenbaum (1). We have recently reinforced his arguments and shown that the Loewe additivity method can be applied to non-monotonic dose-response relations as well (10) . For the non-monotonic case, however, the usual interpretation of I<1 as synergism and I>1 as antagonism has to be reversed in passing from the increasing to the decreasing part of the non-monotonic dose-response relation.
It is important to note that Chou and Talalay using mass-action considerations also derived Eq. [3] for their case of mutually exclusive inhibitors (7) . Further, one can easily show that the classical model of competitive interaction proposed by Ariëns et al. (19) fulfils Eq.
[3] at least in an effect range up to the lower maximum effect (10).
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As already noted, we have combined Eq. [3] with various single agent dose-response relations and this leads to equations which describe the dose-dependence of the effect under the assumption that the Loewe additivity criterion has to be fulfilled. The approach is to be illustrated for the power function relation
In the following Greek symbols indicate parameters of dose-response relations and we do not mention possible mechanistic implications of these parameters but simply use them as empirical quantities.
Equation [4] can be recast after d and inserted into Eq. [3] . With the assumption [5] this gives
This is an implicit equation which has to be solved by iteration. For µ A =µ B =µ Eq. [6] simplifies to
A further simplification is obtained for µ A =µ B =1 (linear relation). In this case,
is obtained. For a variety of dose-response relations the equations for the Loewe additivity zero interaction response surfaces are given in the following.
Median-effect relation:
Weibull relation:
S is the survival fraction, which is related to the effect E by S=1-E. Note that S is always restricted to the range 0<S<1.
Logistic relation: Linear-quadratic survival function: In the following it is shown that a combined-action assessment for all effect levels can be obtained by means of CombiTool and using the very same data set. In a first step the single-agent relations have to be determined. We have used the median-effect equation [9] and obtained the parameters α = 1.19469 ± 0.17139; µ = 0.73158 ± 0.0733 (etoposide) and α 1.02 µM; cis-diammine-dichloroplatinum(II): 2.75 µM) (20) . The Loewe additivity zero 13 interaction response surface was then calculated according to Eq. [10] . Note that due to the different values of the exponents µ the simplified version given in Eq. [11] could not be used. Figure 1 shows the comparison of this surface with the experimental data generated with
CombiTool. In addition, a selection of the data calculated by means of CombiTool is given in Table 1. This Table lists the experimental data, the calculated effects according to the Bliss independence and the Loewe additivity criteria and any differences between the effects as well as the index of interaction I according to Eq. [3] . The data of Table 1 allow for a routine combined-action assessment according to two different criteria. It is easy to see whether there are significant differences between Bliss independence and Loewe additivity or not. Finally, the Table provides a direct relationship between the index of interaction I and the difference between the Loewe additivity and the experimental effect. Figure 1 and Table 1 Very interesting is the direct relationship between the effect difference and the index of interaction I (Figure 2 ). For the maximum deviation of 10.7% the index of interaction I is 0.54. One of the serious drawbacks of isobolograms is the lack of a statistical evaluation. By means of the procedure described a more reliable interpretation of values of the interaction index becomes possible. Finally, it should be pointed out again that the response surface approach yielded information on all effect levels using the very same data set as Tsai et al. (20) . 14 
Zero interaction dose response surfaces for the combination of three agents keeping one dose fixed
The great majority of combination experiments is performed with two agents. On the other hand, combinations of more than two agents and even of a very large number of them are not uncommon, for example, in toxicology. The numerical data for defining zero interaction response surfaces for any number of agents can easily be calculated. On the other hand, the graphical display of a response surface for the combination of three agents is no longer possible. However, CombiTool has the option to display the response surface for the remaining two agents in the presence of a fixed amount of the third agent. One can then systematically vary the dose of the third agent and obtain in this way a visual impression of the response surface for three-agents. In addition, these surfaces can be compared to experimental data in the same way as for combinations of two agents. Figure 3 shows Loewe additivity surfaces for power function dose-response relations of different shape varying two doses and keeping the dose of the third agent fixed. Obviously, the contour lines (isoboles) are linear, even though the three surfaces have a different overall shape.
Comparison of Loewe additivity and Bliss independence
As already noted, Loewe additivity and Bliss independence are the most widely used criteria for predicting zero interaction combination effects from single-agent data. It is wellknown that for exponential dose-response curves the two criteria give identical results (1).
Quantitative information on the differences between the combination effects calculated according to both criteria can be very helpful for their comparison. Christensen and Chen, 15 Unkelbach and Pöch and Drescher and Boedeker have made attempts to compare the two approaches (22, 23, 24) . Because of the implicit definition of Loewe additivity, see Eq. By means of the example applications a few program features were illustrated including the type of output. Finally, it should be noted that earlier versions of CombiTool have already been used in several of our papers on combined-action assessment (10, 11, 12, 26) .
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